Structure-borne sound is an important issue in the field of architectural acoustics. In order to predict such transmission characteristics of vibration, prediction methods using wavebased numerical analysis have been proposed [1] [2] [3] . Toyoda and Takahashi [1] proposed 3-dimensional elastic wave analysis for structure-borne sound by the finite-difference time-domain (FDTD) method. In this method, the target building structures are spatially discretized by 3-dimensional meshes in the x, y, and z directions, and accurate modeling of the vibration field is possible. However, the computational costs are greater than those of the simulation with 1-/ 2-dimensional models. In order to cope with such a problem, the development of an efficient calculation method, which has less memory requirement and is able to perform faster calculation, is necessary. For this reason, vibration analysis methods applying the 2-dimensional plate model have been proposed [2, 3] . In such research, the computational costs of memory and calculation time are aimed to be reduced by decreasing the discrete meshes to 2 dimensions. Nicole and Kessissoglou proposed a method for predicting the power transmission through a simple L-shaped structure composed of two plates using a combination of the modal method and the traveling wave method, which results in an exact solution. With this scheme, the vibration characteristics can be solved. However, it is difficult to apply it to structures with a complex shape, owing to the feature of the exact solution. As a more flexible method for structuring the model, Takahashi et al. [3] proposed wave-based numerical analysis using the finiteelement method (FEM) for a building structure model composed of multiple plate elements. In contrast to such a frequency-domain method, methods in time-domain such as FDTD method and the CIP (constrained interpolation profile) method are widely used. By using such methods, the time development characteristics of sound/vibration propagation can be directly obtained from the calculation results, which greatly contributes to the understanding of the mechanism of the propagation process. For this reason, the authors propose a
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Structure-borne sound is an important issue in the field of architectural acoustics. In order to predict such transmission characteristics of vibration, prediction methods using wavebased numerical analysis have been proposed [1] [2] [3] . Toyoda and Takahashi [1] proposed 3-dimensional elastic wave analysis for structure-borne sound by the finite-difference time-domain (FDTD) method. In this method, the target building structures are spatially discretized by 3-dimensional meshes in the x, y, and z directions, and accurate modeling of the vibration field is possible. However, the computational costs are greater than those of the simulation with 1-/ 2-dimensional models. In order to cope with such a problem, the development of an efficient calculation method, which has less memory requirement and is able to perform faster calculation, is necessary. For this reason, vibration analysis methods applying the 2-dimensional plate model have been proposed [2, 3] . In such research, the computational costs of memory and calculation time are aimed to be reduced by decreasing the discrete meshes to 2 dimensions. Nicole and Kessissoglou proposed a method for predicting the power transmission through a simple L-shaped structure composed of two plates using a combination of the modal method and the traveling wave method, which results in an exact solution. With this scheme, the vibration characteristics can be solved. However, it is difficult to apply it to structures with a complex shape, owing to the feature of the exact solution. As a more flexible method for structuring the model, Takahashi et al. [3] proposed wave-based numerical analysis using the finiteelement method (FEM) for a building structure model composed of multiple plate elements. In contrast to such a frequency-domain method, methods in time-domain such as FDTD method and the CIP (constrained interpolation profile) method are widely used. By using such methods, the time development characteristics of sound/vibration propagation can be directly obtained from the calculation results, which greatly contributes to the understanding of the mechanism of the propagation process. For this reason, the authors propose a vibrational analysis method using an implicit FDTD method, in which the target architectures are modeled as compositions of plate elements. In this proposed method, the analysis model is reduced to 2 dimensions (plate elements) in contrast to the situation in which the architecture is modeled by 3-dimensional solid elements, and as a result, it can contribute to the realization of memory saving, and faster calculation. In this report, the basic theory of the vibrational analysis for a model with plate elements is described, and results of a case study for a box-shaped structure model are discussed.
Theory of the numerical analysis
The governing equations for the in-plane and out-of-plane vibrations of the plate model used in this study are described as follows.
Here, w is the displacement of the out-of-plane bending vibration, u and v are those of the in-plane vibration, $ and " are coefficients for modeling the damping characteristics of the material, p w is an external force, and E, &, h, , G and D are the Young's modulus, density, thickness, Poisson's ratio, elastic shear modulus, and flexural rigidity of the material, respectively. In order to analyze a vibrational model in which two plates are rigidly connected with a right-angled joint, continuity conditions for vibration propagation at the joint should be considered. In Fig. 1 , an axonometric view of the target plate model and a schematic figure, in which the 3-dimensional model is illustrated in a 1-dimensional discrete form, are shown. In the figure of the 1-dimensional discrete form, a n 1 , a n 2 , and a In the analysis, the continuity conditions described below are considered. The physical parameters of the displacement, the rotation angle, and the bending moment, which act in the vicinity of the edge of the plate, are made to be related to those at the edge of the other plate. In addition to these conditions, another condition that the shear force acting on the edge part of one plate is related to the axial force acting on the edge of the other plate is also considered. As described above, four conditions are considered in this analysis. Here, the rotational angle , bending moment M x , shear force F x , and in-plane force T x are described as follows.
These equations are transformed to discrete forms, and are rewritten as the following equations by considering the four continuity conditions described below. Displacement:
Rotational angle:
Bending moment:
Shear force and axial force:
Áy ð12Þ
In these equations, each parameter indicates the in-plane or out-of-plane displacement shown in Fig. 1 . The continuity equations described above, and the finite-difference equations obtained as the discrete forms of Eqs. (1), (2) , and (3), are solved together as simultaneous equations with sparse matrices. This equations are solved in every time step, and the time development of vibration propagation is calculated. To solve the simultaneous equations with sparse matrices, PARDISO [4] , built in the Intel Math Kernel library, was used. Regarding the stability condition of this numerical scheme, implicit FDTD method provides unconditional stability [5] , however, practical limitation is required on the time step in order to maintain the truncation errors within reasonable limits. For this reason, the time interval is set, as described in the next section, to be smaller than the largest possible value.
Details of the simulation model
An excitation test for a cube model with a cavity inside, which has a size of 500 mm Â 500 mm Â 500 mm, was n indicates grid number in the y direction. performed. The detailed shape of the cube model is shown in Fig. 2 . In this figure, the axonometric figure and the elevation of the model are shown, and the top of each cube is given the same number from No. 1 to No. 8 in both figures. This model is made of acrylic plates of 10 mm thickness. In the measurement, the excitation test was performed by hitting the surface of the cube model with an impulse hammer, as shown in Fig. 2 . Then, the cube model was suspended in the air in order to avoid interference between the target vibration component and other vibration components, which unintendedly propagate via the surface in contact with other parts. An impulsive force was acted at the driving point S1, and vibration acceleration levels at R1, R2, and R3 were measured using an accelerometer. In the simulation, the cube was modeled as a composite structure composed of six sheets of plate elements. The vibration propagation between each plate element was modeled following the procedure described in Sect. 2. The size of the discrete grid was 10 mm Â 10 mm, and the discrete time interval was 0.05 ms. As the physical properties of the acrylic plate, a Young's modulus of 5:6 Â 10 9 N/m 2 , a density of 1,150 kg/m 3 and a Poisson's ratio of 0.3 were given. In order to apply an impulsive force including the same frequency components as those in the measurement, the transient data of the acting force in the time domain were measured and used in the simulation as the input wave shape under the initial conditions.
Identification of loss factor
The loss factor of the acrylic plate was measured by the reverberation method. In the measurement, an acrylic plate suspended in air was hit by an impulse hammer, and the reverberation time T, in which the vibration energy of the plate is attenuated by À60 dB compared with the maximum energy level in the transient response, was measured. The measurement was performed on an acrylic plate of 500 mm Â 500 mm with 10 mm thickness. The loss factor was calculated from the measured reverberation time T as follows [6] .
Here, f is the center frequency of the 1/3 oct. band. The result is shown by the dotted line in Fig. 3 .
In the calculation, the measured characteristics of the loss factor should be simulated. The characteristics of the loss factor can be modeled by setting appropriate coefficients for $ and " shown in Eq. (1). The loss factor , which is simulated by Eq. (1), is described as follows [7] .
An appropriate pair of coefficients, $ and ", was searched for so that the characteristics of the loss factor modeled by Eq. (15) show a relatively strong correlation with the measured characteristics. As a result, $ ¼ 0:003 and " ¼ 0:04 were selected, and the loss factor shown in Fig. 3 by the straight line was obtained.
Results and discussion
The results of the measurement and calculation are shown for comparison in Fig. 4 . In this section, the frequency characteristics of the measurement and calculation results are compared and the validity of the numerical method is discussed.
In the measurement and calculation results obtained at R1, four spectral peaks surrounded by broken circles in the figure show similar tendencies to each other. In the results obtained at R2 and R3, similar agreements of the spectral peaks obtained by measurement and calculation are seen. The receiving point, R3, is further from the driving point than R1, however, the degrees of similarity at R1 and R3 are not so different from each other. The disagreement between the calculation and measurement is that the measurement results have some sharp peaks (one example of such a peak for R3 is surrounded by the broken line in Fig. 4) 
Conclusion
Using an implicit FDTD method, vibrational analysis for a composite model of plate elements was performed. As a result of a case study, agreements of the frequency characteristics between the results obtained by measurement and calculation were seen. From the results, the validity of the proposed calculation method was confirmed. 
